We have used an in vivo plasmid-cjiX174 packaging system to detect replication initiation signals in the region of the replication origin (orlC) of the Escherichia coli chromosome. The results obtained are summarized as follows: (i) Neither within nor close to oriC effective signals for initiating complementary strand synthesis could be detected. We conclude that initiation mechanisms for leading and lagging strand synthesis at oriC are not identical to any known priming mechanism of DNA synthesis, (ii) At least five signals that can function as complementary strand origins on ss~plasmid DNA are located in a region about 2000-3300 base pairs away from orlC in the clockwise direction on the chromosome. We suggest that these signals are protein n' like recognition sequences since they are dependent for their activity on dnaB protein and show sequence similarities to other putative n' recognition sequences. Surprisingly, some of the signals are located on the template for leading strand synthesis.
INTRODUCTION
Replication of the Escherichia coli chromosome initiates at a unique site, the replication origin (oriC), and proceeds bidirectionally (1). oriC has been obtained either as part of a phage or plasmid hybrid (2-4), or as a minichromosome which contains oriC as the single replication origin (5) (6) (7) . The nucleotide sequence of the oriC region has been determined (8, 9) and the sequences required for autonomous replication were delimited to a specific region of 245 base pairs (4) . Initiation of replication on minichromosomes seems to resemble initiation of chromosomal replication iji vivo and ill vitro (7, (10) (11) (12) .
For initiation of bidirectional replication at oriC distinct priming events are required to ensure leading and lagging strand synthesis at both replication forks. Replication studies with plasmids and single stranded (ss) DNA phages have revealed the existence of at least three different priming mechanisms (13, 14) . (I) Synthesis of a specific primer by RNA polymerase on the ss DNA template of filamentous phages and in plasmid Col El, (ii) specific priming on the ss DNA template of phage G4 by DNA primase encoded by the dnaG gene, (ill) generation of short primers at multiple sites on the 0X174 ss DNA template by a host encoded multi-enzyme complex, termed the primosome. The involvement of two of these mechanisms in priming of leading strand synthesis at the IS. coli replication origin have been suggested. First, it has been speculated that DNA primase is involved because of sequence similarities between the G4 (-) origin and sequences in both strands within oriC (8) . Second, the sensitivity of initiation of replication to rifampicin (15, 16) and the presence of two RNA polymerase promoters within oriC, in a back to back arrangement (17) , may indicate a role of RNA polymerase in leading strand priming events.
Apart from priming leading strand synthesis a system must be present that can account for priming lagging strand synthesis. A multi-enzyme complex, the primosome, is a very likely candidate for these multiple priming events. It consists of at least seven different proteins (n, n', n 1 ', i, dnaB, dnaC, and primase). The complex is assembled after the interaction of the prepriming protein n', a ss DNA specific ATPase (19) , with a specific sequence on the ss 0X174 DNA template (18) . Following its assembly, the primosome moves in the 5' -»-3' direction of the template thereby enabling primase to synthesize short primers at non-specific sequences in the opposite direction (18) . Based upon these observations Kornberg (20) has proposed a model for the initiation of bidirectional replication at the E_. coli origin. According to this model the initiation of leading and lagging strand synthesis at both replication forks, is directed by the assembly of a primosome on either DNA strand at oriC (20) .
In this study we have tried to obtain some insight into the mechanism that is used by 15. coli to initiate DNA synthesis at oriC. Recently, we described a system suitable for the detection of signals for the complementary strand DNA synthesis In vivo (21) . In this system, plasmids containing the 0X174 origin for (+) strand synthesis are packaged as single stranded circles Into 0X phage coats, upon infection of plasmid containing cells by 0X174 phage. 
DNA techniques
Preparative isolation of plasmid DNA was by the alkaline lysis method as described by Birnboim and Doly (24) . Restriction fragments were isolated from gel slices by electro elution using the Isco sample concentrator model 1750.
Blunt ended restriction fragments were cloned into the Hindll site of pPR111.6 using T4 DNA ligase. Prior to transformation the DNA was cleaved with HindII to select for recombinant plasmids. Cohesive end ligation was carried out with calf intestinal phophatase-treated vector DNA to select for recombinant plasmids. E_. coli C recA171 was transformed by the freeze-shock procedure of Maniatis ej^ al^ (25) . Transformant colonies were screened for the presence of recombinant plasmids using the boiling procedure of Quigley and Holmes (26) . source of restriction fragments. This minichromosome consists exclusively of chromosomal DNA and its sequence has been determined (7, 8, 29) . The plasmids that were constructed for this study are listed in Table I . Since only the DNA strand that is linked to the strand of the vector plasmid, which contains the $X (+) origin is assayed in the transduction system, we have indicated the orientation of the cloned fragments in Table I Table I .
Localization of sequences that function as complementary strand initiation signals
In a previous report it was shown that deletion derivatives of plasmid pPRlll have drastically reduced transduction efficiencies (21) . In one of these plasmids, pPRlll.6, a deletion of 450 base pairs was generated at the PstI site (Fig. 1) . The transduction frequency of pPRlll.6 particles is about +488 to +727 and +2389 to +2566 procedure plasmid pPRlll.63 was obtained by cloning a partial Haelll digest of pCM959 Into pPRlll.6 ( Fig. 2; 21) . The chromosomal sequences present on pPRlll.63 are located outside orIC in a region between position 2319 and 2921 on the pCM959 map (Fig. 2B ). In the study described in this paper we did not use this selection procedure to isolate recombinant plasmids, and, therefore, plasmids with relatively weak complementary strand initiation signals are not selected against. In Fig. 2 we have compiled the results of the transduction analysis performed with relevant recombinant plasmids. This assay was performed essentially as described previously (21) . Table II a The structure of the plasmids is shown in Fig. 2 b The structure of pDG61 is described elsewhere (21) .
shows that the transduction frequencies of pEM107, pEM28, pEM97 and pEM75 plasmid particles strongly depend on the presence of a functional dnaB protein. On the contrary, transductions of pDG61 particles does not depend on dnaB protein. pDG61 contains the phage G4 complementary strand origin, which is dnaG dependent only (21, 30) . These results suggest that the initiation signals identified in this region of the chromosome are primosome dependent, which implies that they possibly contain protein n 1 like recognition sequen-
DISCUSSION
The mechanism of initiating leading and lagging strand synthesis at the £.
coli replication origin has been the subject of considerable interest and speculation in the past few years. Several studies suggested the involvement of dnaG gene product (primase) and RNA polymerase in priming of leading strand synthesis at oriC (8, 17) . Furthermore, extensive in vitro studies on the mechanism of primosome directed priming on ss DNA of phage $X17A, has provided an attractive model for initiation of lagging strand synthesis at oriC (20) .
Recently, we have described an experimental system which can be used to detect the three known initiation signals for priming DNA synthesis on ss DNA templates, i.e. priming by dnaG protein (primase) on phage G4 templates, priming by RNA polymerase on phage M13 templates and primosome-directed priming on 0X174 templates (21) . By using this system it was shown that protein n' like recognition sequences for primosome assembly are present near the replication origins of plasmids pBR322, CloDF13, pI5A and F (21). These results indicated that primosome priming is the general mechanism of priming lagging strand synthesis. However, the data presented in this paper demonstrate that no such n' type, dnaG protein or RNA polymerase initiation signal that can function in this assay system, is found within or close to oriC. Although we cannot exclude that particular structural constraints or binding of specific proteins may suppress the usage of n' sites in our system, at least our data indicate that priming of lagging strand synthesis at oriC differs distinctly from the ones mentioned above. This seems to be supported by the observation of Tabata e_t £l. (31) that the initiation of bidirectional replication occurs at non-specific sequences outside the minimal oriC region.
Recently, one of us reported that the putative lagging strand origin of pBR322 (n', dnaB and dnaC dependent) is not essential for the maintenance of this plasmid (32) . By deleting the n' protein recognition site, plasmids were obtained with a 2 to 3-fold reduction in copy-number. This result suggests that the presence of n' recognition sites near the leading strand replication origin of relaxed replicating plasmids is not absolutely required, but only ensures the fidelity of primosome assembly for initiation of lagging strand DNA synthesis. Therefore, it is possible that on ds DNA templates a leading strand Initiation signal is the only requisite for assembly of a replisome to ensure both leading and lagging strand DNA synthesis at the replication fork.
The replisome is assumed to consist of at least the DNA polymerase III holoenzyme, the primosome and helix destabilizing proteins (13, 14) . The second replication fork that is needed for bidirectionally replicating DNA molecules may arise from the first replication fork without any additional requirements:
the lagging strand synthesized at the first replication fork will become the leading strand in the opposite direction and this will trigger replisome assembly in a similar way to ensure leading and lagging strand synthesis at the second replication fork. According to this model only one single specific priming event may be required to initiate bidirectional replication at oriC, since primosome directed priming apparently occurs at non-specific sequences 
